Bacteria such as Salmonella and E. coli present a great challenge in public health care in today's society. Protection of public safety against bacterial contamination and rapid diagnosis of infection require simple and fast assays for the detection and elimination of bacterial pathogens. After utilizing Salmonella DT104 as an example bacterial strain for our investigation, we report a rapid and sensitive assay for the qualitative and quantitative detection of bacteria by using antibody affinity binding, popcorn shaped gold nanoparticle (GNPOPs) labeling, surfance enchanced Raman spectroscopy (SERS), and inductively coupled plasma mass spectrometry (ICP-MS) detection. For qualitative analysis, our assay can detect Salmonella within 10 min by Raman spectroscopy; for quantitative analysis, our assay has the ability to measure as few as 100 Salmonella DT104 in a 1 mL sample (100 CFU/mL) within 40 min. Based on the quantitative detection, we investigated the quantitative destruction of Salmonella DT104, and the assay's photothermal efficiency in order to reduce the amount of GNPOPs in the assay to ultimately to eliminate any potential side effects/toxicity to the surrounding cells in vivo. Results suggest that our assay may serve as a promising candidate for qualitative and quantitative detection and elimination of a variety of bacterial pathogens.
Introduction
Food borne pathogenic bacteria have consistently been a major threat to human health, and contamination of food by pathogenic bacteria such as Salmonella and E. coli have been a threat to human health throughout human history. Salmonella Typhimurium DT104 is responsible in large part for salmonellosis in the United States. 1 A recent Centers for Disease Control and Prevention (CDC) report shows that an estimated 48 million illnesses, 128,000 hospitalizations, and 3,000 deaths of Americans occur each year were caused by pathogens in contaminated food. 1, 2 Every year, Salmonella is estimated to cause about 1.2 million illnesses in the United States, with about 23,000 hospitalizations and 450 deaths. 3, 4 Escherichia coli (E. coli) are members of a large group of bacterial strains that inhabit the intestinal tract of humans and other warm blooded animals, and as few as 10 cells can cause serious human illness and even death. The presence of E. coli in foodstuffs and drinking water is a chronic worldwide problem. 5 There is an urgent need for reliable approaches to identify and eliminate harmful bacteria with high specificity and sensitivity. [6] [7] [8] Various technologies have been developed for bacteria detection with regard to the optical, electrochemical, biochemical, and physical properties of microorganisms. [9] [10] [11] [12] Traditional detection methods such as plating and culture usually involve time-consuming steps such as pre-concentration, and 9, 13-15 conventional techniques such as enzyme-linked immunosorbent assay (ELISA) and polymerase chain reaction (PCR) are limited due to cost and versatility constraints. [16] [17] [18] [19] [20] [21] [22] [23] [24] Moreover, bacteria like Salmonella have the ability to grow and survive in adverse environments (e.g., low nutrient concentrations and extreme temperatures as low as 5.9 °C and as high as 54 °C), and, as a result, Salmonella can propagate inside the human body 1, 3, 4, 25, 26 In addition, once Salmonella enters into human body, worse diseases, such as hematosepsis, enteriti, can be induced. [27] [28] [29] Antibiotics have been an effective way to eliminate bacterial pathogens. [30] [31] [32] After the discovery of penicillin in 1940, antibiotics have been working as economic powerhouses for our society because they are the most effective antibacterial drugs for modern medical procedures. [33] [34] [35] [36] However, bacterial pathogens are becoming drug-resistant due to the abuse of antibiotics worldwide. 37, 38 Furthermore, abuse of antibiotics can result in immeasurable side effects to normal cells. [39] [40] [41] [42] [43] In this regard, the CDC/FDA (Food and Drug Administration) is encouraging efforts aimed at modernizing public health microbiology and bioinformatics capabilities to quicken microbial detection and response. 4 The development of new nanomaterials with multifunctional capabilities is extremely crucial for alleviating bacterial infections in their early stage. 44 Plasmonic gold nanoparticles (GNP) with optical properties that are tunable in the near-infrared (NIR) region are highly useful for biological imaging due to their high transmission rate through biological tissues. [45] [46] [47] [48] In addition, plasmatic gold nanotechnology has the potential to be a solution for treating multi-drug resistant bacteria (MDRB) infection and cancer, with high biocompatibility. 49 Various methods have been applied to attach antibodies to gold nanoparticles whereby selective binding with bacteria occurs through a specific antibody-antigen interaction. These methods include: 1) Linking the antibody to GNPOP directly, which takes advantage of the predominant glycosylation of the fragment crystallizable region of the antibody; 2) Linking the antibody to GNPOP by Cysteamine, which is known as the "glutaraldehyde spacer method"; 3) Linking the antibody to GNPOP by electrostatic interaction; and 4) Linking the antibody to GNPOP by Carboxy-PEG12-Thiol (PEG-SH). 44, [50] [51] [52] A variety of linkers, such as 4-aminothiophenol (4-ATP), 53 Cystamine, 54 3-mercaptopropanoic acid, 55 4-mercaptobenzoic acid, 56 Cysteine, 57 Dihydrolipoic acid (DHLA), 58 and Glutathione 59 have also been effective bioconjugate linkers. The nanomaterial's high sensitivity and the use of Raman spectroscopy for highly informative spectra characteristics enable us to utilize surface-enhanced Raman spectroscopy (SERS) as a fingerprint for the detection of MDRB. 38, 60 Also, recently published articles from several groups, 46, 61, 62 including ours, 44 have demonstrated that GNPs of different sizes and shapes with tunable optical properties in the NIR region can be exploited for the hyperthermic photothermal destruction of bacteria, because GNPs have the ability to generate high temperatures at a desired site. 38, 63, 64 Inductively coupled plasma mass spectrometry (ICP-MS) is one of the most sensitive techniques for trace element analysis, with a large dynamic range, low detection limits, and multi-element and rapid analysis capabilities. [65] [66] [67] [68] [69] Recently, the use of elemental tags and inorganic nanoparticles has also made ICP-MS amenable for the analysis of biomolecules. 70, 71 To carry out an analysis of the concentration of bacteria, an extra amount of the antibody-conjugated GNPs were added to a sample solution. The utilization of antibodies afforded a feasible way to specifically connect the bacteria and GNPs. After the mixture was centrifuged to separate the free GNPs from the mixture, GNPs bonded Salmonella was then acid-digested and the concentration of Au 3+ was quantified using ICP-MS. Standard curves were produced to correlate the concentration of Salmonella DT104 and the concentration of Au 3+ . In the meantime, by determining the concentration of Au 3+ versus the concentration of Salmonella, the amount of GNPs (in the form of Au 3+ ) could be correlated with each CFU of Salmonella.
Here, through utilizing Salmonella enterica serovar Typhimurium definitive type 104 as an example, we report a qualitative and quantitative assay of popcorn shape gold nanoparticles (GNPOP) to detect bacteria by SERS and ICP-MS, and thereafter bacterial photothermal destruction, as shown in Figure 1 . If Salmonella DT104 is present in a sample, the low crosssection Raman signals of the GNPOPs assay could be amplified by several orders of magnitude, which is suitable for qualitative detection by SERS; also, The linear relationship between the concentration of Salmonella and GNPOPs enables our assay to be suitable for quick quantitative detection. Since Salmonella labeling and ICP-MS analysis require only minimum sample preparation, our assay is easy and fast. For qualitative analysis, our assay can detect Salmonella within 10 min by Raman spectroscopy; for quantitative analysis, our assay has the ability to measure as few as 100 Salmonella DT104 in a 1 mL sample (100 CFU/mL) within 40 min.
Based on the ability of ICP-MS to perform concentration dependant measurements, our method will provide an evident benefit to photothermal therapy. For a given volume of bacteria, due to the fact that the concentration of a given volume of bacteria can be detected through ICP-MS, an estimate can be made regarding the amount of GNPOPs needed for photothermal therapy. We found that in order to kill a specific concentration of bacteria we needed to increase the amount of GNPOPs to a concentration that is little higher than the calculated amount to reduce laser exposure time, and, to some extent, we can also seek a balance between the extra amount of GNPOPs and laser exposure time in order to optimize the bacteria destruction and minimize the negative side effects to the surrounding cells, which are especially meaningful and have great potential for in vivo applications. Also, results suggest that our assay may also serve as a promising candidate for qualitative and quantitative detection and elimination of a variety of bacterial pathogens.
Based on the SERS, ICP-MS and photothermal efficiency, GNPOP has some advantages compared to GNPs with other shapes. For SERS, the central sphere of GNPOPs can act as an electron reservoir, whereas the tips are capable of focusing the field at their apexes. 72 Consequently, the sharp tips can provide a huge field enhancement of the SERS scattering signal. 73 For ICP-MS, when compared with normal sized spherical gold nanoparticles, the volume of the GNPOP is larger, which means each particle contains more Au atoms. Due to the fact that each bacteria has a limited number of antigen binding sites for the GNP-mAb hybrids, 74 the number of GNPs binding with each bacteria should be almost the same, regardless of the kind of GNP used. Therefore, binding with a larger sized GNPs means each bacterium will be attached to a large amount of Au atoms. Due to the fact that our detection is based on the Au signal from ICP-MS, which has a linear relationship with bacteria concentration below a certain range, the detection limit by using GNPOP will be lower than using spherical GNPs. For photothermal destruction, GNPOP also has a comparatively higher photothermal efficiency than spherical gold nanoparticles. One possible reason is that several narrow, nanoscale spikes in GNPOP were capable of focusing the field at their apexes, which could provide considerable enhancement of photothermal efficiency. 75 
Experimental Chemicals and Materials
Hydrogen tetrachloroaurate (HAuCl 4 × 3H 2 O), sodium borohydride (NaBH 4 ), silver nitrate (AgNO 3 ), tri-sodium citrate (TSC), ascorbic acid (AA), cetyl trimethylammonium bromide (CTAB) were purchased from Sigma-Aldrich and used without further purification. Nanopure H 2 O was purchased from Fisher Scientific. Ampicillin, chloramphenicol, streptomycin, sulfonamides, and tetracycline antibiotic, multiple drug resistant (MDR) Salmonella typhimurium DT104, and other bacteria strains were obtained from the American Type Culture Collection (ATCC, Rockville, MD; ATCC (700408). Monoclonal antibody (mAb) specific for Salmonella DT104 was purchased from Abcam (Ab69238), and growth media for the bacteria were obtained from ATCC.
Synthesis of Popcorn Shape Gold Nanoparticle (GNPOP)
Our GNPOP synthesis was achieved through a two-step process, using seed-mediated growth. In the first step, very small, reasonably uniform, spherical seed particles were generated using trisodium citrate as stabilizer and sodium borohydride as strong nucleating agent. In the second step, ascorbic acid was used as weak reductant, and CTAB was used as shape-templating surfactant, in order to ensure the seeds grew into larger particles of the particular morphology we desired. The ascorbic anions transfer electrons to the seed particles, resulting in the formation of a gold shell, which grows into different shapes in the presence of CTAB. Spherical gold seeds were synthesized by mixing aqueous solutions of hydrogen tetrachloroaurate (III) hydrate with trisodium citrate in 20 mL of double distilled deionized water (18 MΩ), with a final concentration of 2.5 × 10 −4 M for HAuCl 4 ·3H 2 O and 10 −4 M for trisodium citrate. An ice-cooled, freshly prepared aqueous solution of sodium borohydride (NaBH 4 , 0.1 M, 60 µL), was then added under vigorous stirring. The solution turned pink immediately after the addition of NaBH 4 and became red after it was kept in the dark overnight. The nanoseeds exhibited an absorption spectrum with a maximum at 510 nm, which corresponded to a 4.3 nm seed. It was also confirmed by TEM (JEOL, JEM 1011 electron microscope working at 100 kV equipped with a Gatan camera model 785 (JEOL USA, Inc., Peabody, MA)).
GNPOP was then synthesized using the seed-mediated growth procedure in the presence of CTAB. Briefly, 0.05 g of CTAB was dissolved in 45 mL of H 2 O by sonication, and 2 mL of 0.01 M HAuCl 4 ·3H 2 O was then added under constant stirring. After stirring, 0.3 mL of 0.01 M AgNO 3 was added to the solution and mixed properly. Consequently, 0.32 mL of 0.1 M ascorbic acid dropwise was added as a reducing agent. The solution turned from yellow to colorless. 0.5 mL of gold nano-popcorn seed was immediately added into the colorless solution and mixed for 2 min. The color changed to blue within 2 min, indicating the formation of popcorn nanostructures. To remove the extra CTAB in the reaction mixture solution, the freshly prepared GNPOP was rinsed several times with water and centrifuged at 4000 rpm for 30 min. Finally, the suspension was resuspended in sterile water with a final volume of 5 mL.
Preparation and Characterization of Antibody-Modified GNPOPs
For selective sensing of MDR Salmonella typhimurium DT104, we modified the GNPOP surface with monoclonal antibody (mAb) M3038. Firstly, 80µL of 10 −4 M thiol ending polyethylene glycol (HOOC-PEG-SH) was added into 1 mL of GNPOPs mixture and stirred for 20 min at room temperature. The mixture was then stored at 4 °C overnight to allow the -SH group to bond with the GNPOPs while leaving a free carboxyl group at the other end. Excess HOOC-PEG-SH was removed by centrifugation at 4000 rpm for 1 h at room temperature (3 times). PBS was then added to achieve a final volume of 1 mL.
Secondly, covalent immobilization of the amine group of the antibody onto the carboxyl groups of PEG-SH was performed by ethyl-(dimethylaminopropyl)-carbodiimide (EDC) / N-hydroxysuccinimide (NHS) coupling catalysis. Briefly, 15 µL of EDC (1 mg/mL) and 15 µL of Sulfo-NHS (1 mg/mL) were first added into 1.2 mL of the PEG-SH modified GNPOP solution, in order to form the amide bond to the carboxyl terminus of PEG on the SWCNTsGNPOPs. A given amount of antibody was then added to the aforementioned solution. The solution was stirred for 2 min, and then stored for 2 h at room temperature, and another 12 h at 4 °C. The final GNPOPs-mAb suspension was centrifuged at 2,000 rpm for 10 min to remove any unbound antibodies. The residue was re-suspended in 5 mL of phosphatebuffered saline (PBS) solution and stored at 4 °C for use. This process was repeated for 3 times. The solution could be stored at 4 °C for at least 1 month.
Bacteria Culture and Incubation with Antibody-Modified GNPOPs
Salmonella typhimurium DT104, E. coli O157:H7 with resistance to ampicillin, chloramphenicol, streptomycin, sulfonamides, and tetracycline, were purchased from ATCC (ATCC 700408, ATCC 49979). The MDR bacteria were cultured by following the ATCC protocol as instructed. Initially, the supplied pellet of DT104 was rehydrated on 5 to 6 mL Bacto™ Tryptic Soy Broth (TSB) and incubated at 37°C for 24 h. Next, from the growth culture, a loop of bacteria was streaked on an tryptic agar plate and incubated for 24 h at 37°C. A tryptic agar plate was made with Difco™ tryptic soy agar (TSA). A single colony from the TSA plate was inoculated into 10 mL TSB and incubated at 37 °C for 16 h in a shaker at 150 rpm, which resulted in an inoculum of 10 8 CFU/mL. All growth media were autoclaved at 121°C for 15 min at high pressure (0.1 MPa) before the experiment. M3038-modified GNPOPs (20µL) were added to 100µL of solution containing 10-10 7 CFU/mL of Salmonella DT104, suspended in 1×PBS. The mixtures were incubated at room temperature for 20 min and were then washed 3 times with 1×PBS buffer to make the final volume 100 µL.
Surface-Enhanced Raman Spectroscopy (SERS) for Targeted Sensing of Salmonella
A continuous wavelength diode-pumped solid-state laser (DPSS) laser operating at 670 nm was used as an excitation light source. We used InPhotonics 670 nm Raman fiber optic probe for excitation and data collection, with a 90 mm excitation fiber and 200 mm collection fiber. For Raman signal collection, a miniaturized QE65000 Scientific-grade Spectrometer from Ocean Optics was employed, with a response range of 220-3600 cm −1 . The Hamamatsu FFT-CCD detector used in the QE65000 provides 90% quantum efficiency with high signal-to-noise and rapid signal processing speed as well as remarkable sensitivity for low-light level applications. The Raman spectrum was analyzed by Ocean Optics data acquisition SpectraSuite spectroscopy software.
ICP-MS Analysis
Finally, 100 µL Salmonella-GNPOPs pellets were resuspended in a 900µL solution of 1% HNO 3 with 1% BSA for digestion. The digested solution was introduced into the Varian 820 ICP-MS to detect Au at m/z 197. For each sample and calibration solution, triplicate analyses were performed.
Photothermal exposure and determination of live bacteria percentages
For photothermal destruction experiments, we applied a continuous wavelength laser (operating at 670 nm, with a power of 1 W cm −2 as an excitation light source) to our GNPOP-bacteria hybrids for 5-30 min. Then, the bacteria were transferred to tryptic agar plate after photothermal destruction, which was incubated for 24 h at 37°C. The colony number for each countable plate was then counted with a colony counter. For accuracy, each experiment was performed 3 times.
Results and discussion
We synthesized gold nanoparticles through a two-step process, using seed-mediated growth. Transmission electron microscopy and UV-visible absorption spectroscopy were used to characterize the nanoparticles, as shown in Figure 2 . TEM images showed the size of GNPOPs is around 40-50 nm, which was in accordance with DLS data ( Figure 2B ). Similar to spherical gold nanoparticles, GNPOPs has one plasmon band in UV. However, its λ max was shifted about 60 nm in comparison to that of a spherical gold nanoparticle (GNP) of the same size ( Figure 2C ).
Au atoms in one GNPOP, we designed a method by calibrating the number of GNPOPs against the concentration of Au 3+ in solution. For easy calculation of the number of GNPOPs, we used SWCNT with a -SH group to concentrate the GNPOPs because the -SH group can bind well with GNPOPs. In detail, we diluted 1µL GNPOPs to 10 mL, and added it to several amounts of the functionalized SWCNTs and continued stirring for 1 h. After binding, we diluted 1µL of the hybrid nanoparticle into 10 mL again, and then we checked the 6µL solution via TEM (Figure 3) . We observed that almost all of the GNPOPs bind with SWCNTs, and then we calculated the number of the GNPOPs, and repeated this procedure 10 times. An average of 70-80 GNPOPs were in 6 uL of SWCNTs-GNPOPs solution. Thus, the amount of Au atoms in each GNPOP was determined. Our results showed that each GNPOP (45 nm size) had around 2×10 6 Au atoms.
To avoid nonspecific binding with bacteria, GNPOPs were coated with thiolated polyethylene glycol (HS-PEG), which provided a carboxyl group for binding with a monoclonal antibody. Results showed that PEG-SH coated GNPOPs weren't binding with both Salmonella DT104 and E.Coli O157:H7 (Figure 4) . Characterization of mAb conjugated GNPOPs was performed with DLS measurements. GNPOPs have an average size of 44 nm, which was also confirmed by TEM data. The addition of mAb to the GNPOPs changed the diameter to 49 nm. This is expected because the mAb size was around 3 nm, leading to an increased total diameter by 5-6 nm. The UV max was slight red shifted to 590 cm −1 due to the coating ( Figure 5D ). The pH of GNPOP-PEG was 8.5, with a zeta potential of 55-60, indicating a highly stable and dispersed solution. 76 To accurately measure the number of antibody molecules in each GNPOP, we performed a KCN dissolution procedure followed by fluorescence analysis. First, we treated the Cy3-labeled antibody conjugated GNPOP with 10 µM potassium cyanide to oxidize them. After that, the solution containing the released Cy3-labeled antibody was collected for fluorescence analysis. The amount of Cy3-labeled antibody was measured by fluorescence. By dividing the total number of Cy3-labeled antibody by the total number of GNPOPs, we estimated that there were about 30-40 antibody per GNPOP.
Our results suggested that newly formed GNPOP-PEGSH-mAb could specifically bind with Salmonella DT104 (Figure 5A ). On the contrary, there was no specificity with Salmonella Agona and E. Coli ( Figure 5B&C ). Data from UV spectroscopy showed red shift with the modification of mAb and a broader peak with Salmonella ( Figure 5D ). There are two possible reasons for the red shift: firstly, the change in the local refractive index on the GNPOP's surface caused by specific binding of the mAb on GNPOPs; secondly the interparticle interaction resulting from the assembly of nanoparticles on the surface of the bacteria.
In addition, SERS was performed to potentially establish a fast detection method for Salmonella in real samples. The central sphere of GNPOP served as an electron reservoir while the tips were capable of focusing the field at their apexes, which provided sufficient field of enhancement of the scattering signal. As a result, low cross-section Raman signals could be amplified by several orders of magnitude using GNPOP, particularly in narrow nanoscaled spikes and edges. In the presence of drug resistant MDRB Salmonella DT104 as low as 5 CFU/mL, antibody-conjugated GNPOPs could adsorb onto the bacterial cell wall. Consequently, they formed several hot spots to provide a significant enhancement of the Raman signal intensity of Rh6G modified monoclonal M3038 antibodies through electromagnetic field enhancements ( Figure 6 ). However, the change of SERS intensity was negligible in the presence of Salmonella Agona and E.Coli O157:H7. This might be mainly due to the lack of strong interaction between mAB-conjugated GNPOPs and Salmonella Agona or E. coli bacteria.
ICP-MS was used for the detection of Salmonella DT104 under the assumption that each Salmonella bonds with the same amount of GNPOPs in certain concentrations. Thus, ICP-MS could be the most sensitive and effective way to detect GNPOP-bonded Salmonella DT104. In order to avoid false results, centrifugation was used to separate GNPOP-bonded Salmonella DT104 and free GNPOPs. Our results indicated that centrifugation for 20 min at 2000 rpm was optimal for fulfilling this purpose. The bacteria concentration was also confirmed by bacteria colony counting. As shown in Figure 7 , there were no bacteria remaining in the supernatant, indicating the successful separation of bacteria. Moreover, the absence of free GNPOP in the pellet from centrifugation was confirmed by using TEM and UV-Vis spectroscopy. Another centrifugation was performed, and 1 mL of the supernatant was examined by ICP-MS. Data showed a concentration of 100 ppq for Au 3+ , suggesting 100-150 free GNPOPs per mL. This tiny amount of GNPOPs could be negligible.
To carry out an analysis of the concentration of bacteria, an extra amount of the antibodyconjugated GNPOPs were added to a sample solution. The utilization of antibodies afforded a feasible way to specifically connect the bacteria cells and GNPOPs. After the mixture was centrifuged to separate the free GNPOPs from the mixture. GNPOPs bonded Salmonella was then acid-digested and the concentration of Au 3+ was quantified using ICP-MS. Standard curves were produced to correlate the concentration of Salmonella DT104 and the concentration of Au 3+ . In the meantime, by determining the concentration of Au 3+ versus the concentration of Salmonella, the amount of GNPOPs (or in the form of Au 3+ ) could be correlated with each CFU of Salmonella. Figure 8 indicated a close relationship between the concentration of Au 3+ and the typical results from one set of experiments with different concentrations of Salmonella where a linear correlation of 0.966 (R 2 ), ranging from 10 to 10 7 CFU/mL, was obtained. The signal intensity increases with increasing bacteria concentrations, and a detection limit of 100 CFU/mL was achieved. This conservative estimate was based on three times the standard deviation of the background plus the mean blank values from triplicate analyses of each of the 6 blanks. The linear dynamic range was between 10 2 and 10 5 CFU/mL with a linear correlation R 2 = 0.9902.
The signal intensities of Au 3+ increased with the increased concentration of Salmonella, but these Au 3+ singal intensities were slightly nonlinear over the high concentration range (Figure 8 ). We suspected that the nonlinearity observed at the high bacterial concentrations could be due to bacterial aggregation ( Figure 9 ) which reduces the cell surface area for binding to the antibody. As we have mentioned, there were 30-40 mAbs conjugated with each GNPOP. The adsorption of mAbs conjugated GNPOPs onto Salmonella could lead to bacterial aggregation, resulting in the decrease of their surface area available for binding with more antibody-conjugated GNPOPs. Consequently, signals of Au 3+ might be lower than expected for a high concentration of bacteria. As shown in Figure 8 , the bacteria concentration increased from 10 1 to 10 7 CFU/mL, meanwhile the amount of GNPOPs bound to each CFU decreased from 4000 to 100, respectively. This suggests that our assay could be more useful for detecting low concentrations of bacterial pathogens.
Our assay included the following techniques: incubation of Salmonella with mAb-GNPOPs, centrifugation to isolate and purify the nano-hybrids, acid digestion, and ICP-MS analysis. Since Salmonella labeling and ICP-MS analysis require only minimum sample preparation, our assay is easy and fast, normally less than 40 min for each test (20 min for incubation, 15 min for washing and acid digestion, and 5 min for ICP-MS analysis). Triple ICP-MS analyses showed a low relative standard deviation (RSD) of 5%, while triple sample preparations exhibited a RSD of 10%.
To assess the photothermal efficiency of our nano-hybrid system toward the eradication of Salmonella, a 1 W/cm 2 670 nm light source was used. Noticeably, the conjugation of Salmonella with GNPOPs caused a maximum absorbance red shift to 630 nm. Thus a 670 nm light source is sufficient for our purpose. A full amount of mAb conjugated GNPOPs was added to bind with Salmonella. Centrifugation was then used to remove the free mAb conjugated GNPOPs. As indicated in Figure 10 , laser irradiation time was dependent on the concentration of bacteria (CFU/mL), indicating a close correlation to the mortality of Salmonella. Our results demonstrated that our photothermal destruction with monoclonal M3038 antibody-conjugated GNPOPs could eliminate almost 100% of Salmonella within 19 min, at a bacterial concentration of 10 5 CFU/mL. Furthermore, our data also suggest that almost 100% of bacteria can be destroyed in 6 to 30 minutes of laser irradiation treatment, depending on its concentration (10 2 -10 7 CFU/mL).
Data analysis indicated that the viability of Salmonella at a concentration of 10 5 CFU/mL was related to the laser exposure time within 30 min ( Figure 11 ) after adding the calculated amount of GNPOPs. It is noted that the exposure of Salmonella-GNPOPs conjugates to the laser could eliminate most of the Salmonella within 20 min. However, cell viability was more than 93% in the testing group of S. Agona and E. Coli. This in turn evidenced that the conjugation of GNPOPs with bacteria is crucial for effective photothermal destruction. Salmonella DT104 conjugated with GNPOPs exhibited a strong absorption at the excitation wavelength of 600 nm ( Figure 5 ). Considering the application of our thermal therapy in a clinical setting, it is necessary to elucidate the effect of the extra amount of GNPOPs because the total removal of GNPOPs may not always be accomplished. For our next set of experiments, we used a concentration of bacteria at 10 5 CFU/mL, and the amount of GNPOPs also played an important role in eliminating bacteria. As shown in Figure 10 , it took 27 min to eliminate all bacteria with the calculated amount of GNPOPs. However, the photothermal time could be reduced to 25 min, 20 min, and 19 min, with 5%, 30%, and 50% more GNPOP than calculated, respectively. Interestingly, there was no similar effect when using additional amounts of GNPOPs whereby 100%, 200%, and even 1000% more than calculated amount were used. The possible reason for this direct correlation up to 50% is that, since the heat produced by GNPOP is very localized, for the small extra amount of GNPOPs added, the photo thermal effect might be enhanced due to the saturated binding resulting from more available GNPOPs. The binding of GNPOPs with bacteria reached saturation when a 100% more GNPOPs were added, resulting in no further enhancement of photothermal therapy.
It is noted that an extra amount of more than 100% of GNPOPs added had not only no further benefit towards photothermal destruction, but also, considerable destruction to its surrounding normal cells in the long run. As shown in Figure 12 , the supplement of GNPOPs could result in considerable toxicity towards HaCat cells in a dose-dependent manner. It is clear that the GNPOPs exhibited low toxicity towards HaCat cells in the first few hours (5h). However, as the concentration of GNPOPs was increased to correspond to 100% more than the calculated amount (around 1.33×10 8 /mL) for 10 5 CFU/mL, the toxicity of GNPOP was observed. The possible reason for the toxicity may result from the free CTAB. Even though we enclosed the GNPOP with PEG-SH to reduce potential CTAB toxicity, the self-aggregated extra unbound GNPOPs may cause some CTAB detachment from the particle, thus introducing cytotoxicity. [77] [78] [79] With the consideration of the photothermal efficiency and cytotoxicity, 30-50% more than the calculated amount of GNPOPs can be considered as the best choice.
To further investigate the photothermal performance of our GNPOP, we performed the same photo thermal experiment with multifunctional gold nanorods (GNR) and spherical gold nanoparticles (GNP) using 1 W/cm 2 670 nm NIR continuous-wave radiation. The photothermal effect of our GNPOPs was more profound than the other two shapes of GNPs. One of the possible reasons is that the laser frequency was close to the maximum absorbance of GNPOPs than GNP and GNR, resulting in higher photo thermal efficiency. Another possible reason was that several narrow, nanoscale sharp tips were capable of focusing the field at their apexes, which could provide considerable enhancement of photothermal efficiency. Ultimately, when exposed to our source of laser irradiation GNPOPs acted as better heat producers than the other shapes that were attached. Furthermore, in order to understand how the temperatures changed during photo thermal destruction, we performed thermal imaging at one minute intervals during the photothermal experiments by using a MikroShot Camera. We found that the temperature increased to 48 °C when nanoparticlebound MDR Salmonella DT104 were exposed to a 670 nm laser with 1 W/cm 2 power for 10 min. Conversely, under the same conditions, the temperature increased to only 30°C for E. coli without any nanoparticles.
Conclusions
In conclusion, we have developed a new method to detect and measure Salmonella DT104 by using GNPOPs labeling, Raman spectroscopy and ICP-MS, which can also be used for quantitative photothermal destruction. For qualitative analysis, we have shown that antibody-conjugated hybrid nanomaterials can provide a significant enhancement of the Raman signal intensity by several orders of magnitude in the presence of Salmonella DT104. TEM images of Salmonella and E. coli clearly demonstrate that our SERS assay is highly sensitive in detecting Salmonella DT104 through antibody-antigen recognition. For quantitative analysis, our assay can measure an extremely low concentration of Salmonella DT104 at 100 CFU/mL. However, the accuracy of our assay may be reduced when a high concentration of bacteria is used (>10 5 CFU/mL), owing to the decrease of the bacteria's surface area available for binding to the antibody-conjugated GNPOPs resulting from the aggregation of the Salmonella. For photothermal destruction, our experimental results show that the localized heating of antibody conjugated GNPOPs at 670 nm light irradiation for 20 min (1 W/cm 2 ) can lead to irreversible cellular-damage and eliminate almost 100% of MDR Salmonella bacteria at the concentration of 10 5 CFU/mL. Noticeably, an extra amount of 50% more GNPOPs than calculated may be toxic to normal cells with our proposed photothermal therapy. With the consideration of the photothermal efficiency and cytotoxicity, 30-50% more than the calculated amount of GNPOPs should be used as a balanced choice. We believe that our assay has the potential to be utilized for the highthroughput screening of MDR bacteria, and can be developed as an effective assay for rapid detection of bacterial pathogens and photothermal destruction in non-laboratory settings. Finally, the feasibility demonstrated here for the analysis of Salmonella DT104 suggests the potential of similar immunoassays for a wide variety of bacterial or other pathogens.
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